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Abstract: A nonlinear finite element model (FEM) of the corrosion of steel reinforcement in 
concrete has been successfully developed on the basis of mathematical analysis of the 
electrochemical process of steel corrosion in concrete. The influences of the area ratio and the Tafel 
constants of the anode and cathode on the potential and corrosion current density have been 
examined with the model. It has been found that the finite element calculation is more suitable for 
assessing the corrosion condition of steel reinforcement than ordinary electrochemical techniques 
due to the fact that FEM can obtain the distributions of potential and corrosion current density on 
the steel surface. In addition, the local corrosion of steel reinforcement in concrete is strengthened 
with the decrease of both the area ratio and the Tafel constants. These results provide valuable 
information to the researchers who investigate steel corrosion. 
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1 Introduction 
Reinforced concrete has been widely used in construction due to its excellent performance 
and low cost. However, the decrease in durability of reinforced concrete structures can lead to a 
sharp reduction in their service lifespan and high maintenance costs. Many factors can lead to 
the deterioration of reinforced concrete structures. In particular, steel corrosion can damage the 
reinforced concrete structure in two ways: First, it reduces the cross-sectional area of steel bars; 
second, it produces corrosion products with a larger volume than that of the steel, which 
increases the tensile stress in the concrete, and the tensile stress may result in cracking and 
eventual structural failure. Therefore, corrosion of steel reinforcement has been recognized as a 
primary factor contributing to the deterioration of concrete structures (Bolzoni et al. 2004; Lee 
et al. 2005). 
The corrosion of steel reinforcement in concrete is essentially an electrochemical process 
in which the corrosion rate is indicated by the corrosion current density (Icorr). It is crucial to 
obtain accurate values of the corrosion rate and Icorr so as to assess the corrosion of the steel 
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reinforcement and predict the service lifespan of the reinforced concrete structure (Ahmad 
2003). At present, Icorr is usually obtained through electrochemical measurement in an 
experiment (Montemor et al. 2000; Saraswathy and Song 2006; Sathiyanarayanan et al. 2006). 
However, such electrochemical measurement has some disadvantages. For example, Icorr is 
measured on the whole exposed area of the steel reinforcement; however, the corrosion is 
localized in a small zone. Moreover, the measured Icorr value is significantly affected by the 
galvanic current flowing between the corroding and passive zones on the steel surface 
(Andrade and Aloso 2004). Owing to these reasons, it is a challenge to accurately measure the 
Icorr value of the steel reinforcement in concrete with the electrochemical technique, especially 
in large concrete structures. Therefore, it is necessary to develop a more accurate method to 
measure the Icorr value of steel reinforcement in concrete. 
In recent years, finite element calculation has drawn considerable attention and has been 
extensively applied in the civil engineering field. However, it has rarely been used to calculate 
the corrosion of steel reinforcement in concrete. Based on mathematical analysis of the 
electrochemical process of steel corrosion in concrete, this study has successfully developed a 
nonlinear FEM for calculating the corrosion of steel reinforcement in concrete, providing an 
alternative way of determining Icorr. Furthermore, the influences of the area ratio (A/C) and the 
Tafel constants of the anode and cathode on Icorr have been investigated with this model. 
2 Mechanism and mathematical description of steel corrosion 
The electrochemical process that underlies corrosion of steel reinforcement in concrete 
involves two chemical reactions. The anodic reaction is iron oxidation, described by Eq. (1). 
Iron ions (Fe2ˇ) dissolve into the pore solution with electrons left inside the steel bar. These 
electrons are consumed by a cathodic reaction, i.e., an oxygen reduction producing hydroxides 
according to Eq. (2). 
Anodic reaction: 
-Fe 2e Fe                                (1) 
Cathodic reaction (in neutral and alkaline media): 
-
2 2O +2H O+4e 4OH                           (2) 
Both the anodic and cathodic reactions occur along the surface of the steel electrode. 
Additionally, an ionic current of hydroxide ions flows through the surrounding electrolyte from 
the cathodic to the anodic areas, balanced by an electric current through the steel, as illustrated 
in Fig. 1. The anode hydroxide ions and Fe2+ ions form ferrous hydroxide, the primary 
corrosion product, which undergoes further oxidation, becoming magnetite (black rust) or 
hematite (brown rust) depending on the amount of oxygen available. 
Assuming electrical charge conservation and isotropic conductivity, the potential 
distribution in concrete can be represented by Laplace’s equation: 
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where E is the potential and 2  is the Hamilton operator. 
Fig. 1 Illustration of macro-cell corrosion of steel reinforcement in concrete 
Once the potential distribution along the surface of the steel in concrete is calculated with 
Eq. (3), the current density at any location of the steel surface can also be determined by Ohm’s law: 
1i U  E                                 (4) 
where U  is the electrical resistivity, and  is the gradient of the electrical potential.  E
An analytical solution to Laplace’s equation can only be derived with prescribed 
geometries and boundary conditions. For the anodic and cathodic regions of the steel surface, 
the boundary conditions can be described through their polarization curves. As the anodic 
reaction is considered to be controlled by the activation polarization, the relationship between 
potential and corrosion current density can be written as 
a oa a( ) /
a oa 10
E Ei i E u                              (5) 
where  is the anodic exchange current density, oai aE  is the anodic Tafel constant,  is the 
equilibrium potential of the anodic reaction, and  and  are defined as the anodic 
potential and anodic corrosion current density, respectively. However, the cathodic reaction is 
relatively complex. Owing to the deficiency of oxygen, the concentration polarization is 
incorporated in addition to the activation polarization. At this time, the cathodic polarization is 
represented as follows:  
oaE
aE ai
oc c c( ) /
c oc
0
10 E ECi i
C
E u                              (6) 
where  is the cathodic exchange current density, oci cE  is the cathodic Tafel constant,  is 
the equilibrium potential of the cathodic reaction,  and  are defined as the cathodic 
potential and cathodic corrosion current density, respectively, and  and C are the oxygen 
concentrations on the external concrete surface and at the steel/concrete interface around the 
cathodic region, respectively. Since the oxygen is normally transported into the concrete 
through diffusion, Eq. (6) can be further transformed into Eq. (7) through Fick’s law of 
diffusion: 
ocE
cE ci
0C
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where  is the limiting current density of oxygen reduction at the cathodic site.  Li
3 Specimen description 
The cylindrical 3-D entity model with a diameter of 100 mm and a height of 300 mm is 
shown in Fig. 1. The round steel bar embedded in its center has a diameter of 10 mm and is the 
same length as the specimen. In this investigation, in order to simplify the numerical 
calculation, the middle section of the steel bar was specified as the anodic region. In addition, 
several A/C values (1:1, 1:2, 1:5, 1:10) were chosen to examine the influence of the active area 
on the corrosion process of steel reinforcement. Generally, the arrangement of the anodic and 
cathodic regions on the steel surface should represent typical macro-cell corrosion behavior, 
which is a common problem encountered in corrosion modeling of concrete structures. The 
geometry illustrated in Fig. 1 is a typical corrosion cell that can be used to simulate pitting 
corrosion as well as uniform corrosion with uniformly distributed anodes and cathodes. 
Therefore, it has a wide range of applicability. 
Since the specimen is axisymmetric, only half of the axial plane was selected for the 2-D 
geometrical model used in the finite element calculation. The mesh was generated with the 
mapped meshing method, and consisted of 540 elements and 589 nodes, as shown in Fig. 2. 
Except for the steel/concrete interface, all the boundaries were considered as insulated 
boundary conditions. The polarization curves mentioned in Eqs. (5) and (7) were used as the 
boundary conditions of the anodic and cathodic regions at the steel/concrete interface in the 
model, respectively. Due to their nonlinearity, a nonlinear finite element solution algorithm 
used to solve Eq. (3) was applied in this numerical investigation. The input parameters used in 
the polarization curves have been summarized in Table 1, which refers to the literature (Kranc 
and Sagüés 2001). In addition, we adopted an average moderate concrete resistivity of 
 . Moreover, since no agreement on the reported values had been attained, a 
series of values in the range of reported anodic and cathodic Tafel constants were assumed in 
order to explore the influence of the parameters on the corrosion of steel reinforcement in 
concrete.  
62.0 10u Q m
Fig. 2 Generated mesh (A/C=0.2) 
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Table 1 Input parameters used for numerical calculation 
oaE (mV) ocE (mV) oai (A/cm2) oci (A/cm2) Li (A/cm2) 
í780 160 1.875×10-8 6.25×10-10 1.0×10-4
4 Results and discussion 
Just as described in the introduction, steel corrosion in concrete is localized in a small zone 
of the steel surface, but the Icorr is measured over the whole exposed area of the steel 
reinforcement. Therefore, the value obtained through electrochemical measurement represents 
an average condition of steel corrosion, which not only makes it difficult to determine the local 
corrosion rate in a small zone of the steel surface, but also introduces an additional factor of 
active area acting on the measured results. Moreover, the influence cannot be evaluated through 
an electrochemical experiment because the corroding area on the steel surface cannot be 
pre-defined. In contrast to this, investigation of the influence of the active area on steel 
corrosion can be easily implemented by designating the corroding area in the FEM. 
Fig. 3 indicates the potential and corrosion current density on the steel surface are affected 
by A/C. The distributions of potential and Icorr on the steel surface calculated with the FEM are 
obviously different from the average values measured with various electrochemical techniques, 
making them more suitable for assessing the corrosion of steel reinforcement. In addition, the 
potentials of the anodic region are lower than those of the cathodic region. Furthermore, a 
sudden increase of the potential appears at the interface between the anode and cathode. A 
corresponding sharp peak of Icorr can be observed at this site, indicating that the adjacent 
locations of anodic and cathodic regions are at a higher corrosion risk. Moreover, as the A/C 
decreases, the potential always increases; however, a different regular pattern of Icorr has 
appeared an increase on the anode and a decrease on the cathode. When the A/C changes from 
1.0 to 0.1, although the average Icorr does not change significantly ( - ), 
the I
-61.3 10u -6 21.5 10 A/cmu
corr value for the anodic regions increases more than six times. Therefore, local corrosion of 
the steel reinforcement in concrete is strengthened with the decrease of the area ratio.  
The Tafel constants of anodic and cathodic reactions are the kinetic parameters of the steel 
corrosion in concrete. Their values in the active state are empirically assumed to be 120 mV 
(i.e., the Stern-Geary constant is equal to 26 mV). In recent years, some investigations (Chang 
et al. 2008a, 2008b) have indicated that the actual Tafel constants are quite different from the 
proposed values. However, up to now, no agreement on their true values has been attained. 
Moreover, the Tafel constants of anodic and cathodic reactions are likely influenced by 
ambient conditions such as temperature and chloride content. Due to this uncertainty, it is 
useful for us to explore the influence of the Tafel constants on steel corrosion in order to 
provide valuable information to the researchers who investigate steel corrosion. 
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Fig. 3 Influence of A/C on potential and Icorr of steel surface ( a 120 mVE  , c 160 mVE  ) 
The influence of the anodic Tafel constant on the potential and Icorr of the steel surface was 
calculated with the FEM and is shown in Fig. 4, where the A/C and the cathodic Tafel constant 
are assumed to be 0.5 and 160 mV, respectively. A similar result can also be obtained when the 
above parameters have different values. As the anodic Tafel constant increases, the potentials 
of both anodic and cathodic regions gradually increase. However, the incremental amplitude of 
the potential on the anode is higher than that on the cathode. Meanwhile, when the anodic Tafel 
constant decreases, both the variations of potential and Icorr at the adjacent location of anodic 
and cathodic regions increase markedly. However, the Icorr of the cathodic region does not 
show a noticeable change, and that of the anodic region slightly increases. Therefore, we can 
conclude that when the anodic Tafel constant decreases, the local corrosion of steel 
reinforcement is strengthened. 
Fig. 4 Influence of anodic Tafel constant on potential and Icorr of steel surface˄A/C = 0.5, ˅ c =160 mVE
Contrary to the regular pattern presented by the anodic Tafel constant, the potentials of 
both anodic and cathodic regions gradually decrease with the increase of the cathodic Tafel 
constant, as shown in Fig. 5. In addition, the decremental amplitude of the potential on the 
anode is lower than that on the cathode. Therefore, the cathodic Tafel constant exerts a greater 
influence on the potential of the cathodic region than on that of the anodic region. However, it 
has been found that, similar to the anodic Tafel constant, both the variations of potential and 
Icorr at the adjacent location increase markedly with the decrease of the cathodic Tafel constant. 
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At the same time, there is no noticeable change of Icorr value in the cathodic region, and the Icorr 
value in the anodic region slightly increases. Therefore, as the cathodic Tafel constant 
decreases, the local corrosion of steel reinforcement is also strengthened. 
Fig. 5 Influence of cathodic Tafel constant on potential and Icorr of steel surface˄A/C=0.5, ˅ a 120 mVE  
It should be pointed out that the FEM applied in this study is similar to that found in the 
literature (Isgor and Razaqpur 2006), which has been verified by an experiment. Therefore, the 
model is considered to be right. The FEM simulations of parametric studies have not yet been 
verified by experiment due to the difficulty in controlling the parameters. However, from the 
simulated results we can also obtain the fact that the damage severity due to the corrosion 
actually increases with the decrease of the active area on the steel surface in concrete structures, 
which is similar to the conclusion of Andrade and Alonso (Andrade and Alonso 2004). 
5 Conclusions 
The nonlinear FEM of the corrosion of steel reinforcement in concrete has been 
successfully developed on the basis of mathematical analysis of the electrochemical process of 
steel corrosion in concrete. The influences of the area ratio and the Tafel constants of the anode 
and cathode on the corrosion current density have been studied with this model. It has been 
found that the distributions of potential and corrosion current density on the steel surface, 
which are different from the average values measured with various electrochemical techniques, 
can be obtained with the finite element calculation. Therefore, the finite element calculation is 
more suitable for assessing the corrosion of steel reinforcement. Moreover, the calculation 
results show that with the decrease of both the area ratio and the Tafel constants, the local 
corrosion of steel reinforcement in concrete is strengthened. 
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